Quantifying the genetic composition of founder populations is important to the success of reintroduction programmes, especially for bottlenecked and/or specialized species, such as island endemics. By implementing admixture schemes based on genetic variability, captive breeding programmes can minimize the detrimental effects of bottlenecking, inbreeding depression, outbreeding depression, etc. Particular attention has been given to genes within the major histocompatibility complex (MHC) due to their direct correlation to an individual's immunity. However, isolating and amplifying MHC haplotypes remains difficult owing to the high diversity and paralogous nature. We describe a method of MHC I haplotype isolation based on an iterative process of primer design for the endangered island endemic, the Laysan duck (Anas laysanensis). Ultimately, haplotype-specific primers allow for direct genotyping after gel electrophoresis based on the presence/absence of their respective amplicons. Using the developed techniques, a total of eight unique haplotypes were isolated and assayed across 21 Laysan duck individuals from Laysan Island (N = 10) and Midway Atoll (N = 11). The presence/absence of seven haplotypes were variable across individuals with three haplotypes present in 95% of individuals, three in 38% of individuals, and one in 90% of individuals. The protocols described herein provide a simple, cost-effective method for isolating haplotypes and monitoring existing MHC variation in Laysan ducks, and the general approach can be applied to other molecular markers and species with low genetic diversity.
INTRODUCTION

WHEN introducing species to novel locations,
it is important to assess the adaptive capability of those individuals prior to release (Frankham et al. 1986 , Lande 1988 , Brekke et al. 2011 . This is particularly important for island species that naturally might have low genetic variability due to demographic constraints and/or might be specialized for certain biotic and abiotic conditions (Hedrick and Kalinowski 2000, Jamieson et al. 2006) . For instance, the translocation of island species can cause immediate isolation, and without a genetically admixed founder population, deleterious alleles due to breeding between homozygous individuals can lead to a loss of adaptability (Keller and Waller 2002, Briskie and Mackintosh 2004) . Introductions of endangered species can be further complicated by the relatively low number of remaining individuals, which are likely already genetically similar (Spielman et al. 2004) . Captive breeding programmes can typically rescue such endangered populations (Doyle et al. 2001 , Frankham 2008 ; however, the need for constant augmentation can persist if maladaptive individuals are used (Vrijenhoek 1998 , Doyle et al. 2001 , Woodworth et al. 2002 . Conservation efforts can benefit by initially quantifying available genetic variability that then can be used for admixture schemes (i.e. breeding individuals that are genetically dissimilar) to maximize genomic variability in the founding population. Moreover, monitoring these reintroductions provides a way to study the effects of genetic drift or loss of genetic variability due to stochastic processes in wild populations that may not be evident in laboratory settings (Frankham 2000 , Brekke et al. 2011 . Marker development has primarily focused on neutral or non-coding regions (e.g. microsatellites, introns) that are largely influenced by stochastic processes (e.g. population size) rather than selective forces (Kimura, 1985) . Consequently, neutral markers may not directly correspond to a population's adaptive diversity (Holderegger et al., 2006) . For instance, some studies have shown a correlation between neutral and non-neutral markers (Mikko and Anderson, 1995; Campos et al., 2006) , while others have not (Hansson and Richardson, 2005; van Oosterhout et al., 2006) . Consequently, conservation initiatives, specifically during reintroductions with captive populations should include markers across the genome, including those that correspond to an individual's adaptive potential.
Coding for antigen recognition (Lundqvis et al. 2001) , major histocompatibility complex (MHC) genes are the cornerstone of an individual's immune system (Klein 1986) , and have become a focal non-neutral marker in population and conservation genetics (Sommer 2005) . Populations with higher levels of MHC polymorphism often rebound faster when encountering novel diseases or stochastic environmental events (Apanius et al. 1997 , Beacham et al. 2004 , Neff et al. 2008 , and MHC variability can be maintained in populations or species that are predominantly homogenic (Hansson and Richardson 2005, van Oosterhout et al. 2006) , as well as selectively driven by local parasitic environments (Sommer 2005; Spurgin and Richardson, 2010) . Genic duplications and positive/balancing selection has been attributed to MHC locus and allelic heterogeneity, respectively. Unfortunately, the high diversity and paralogy of MHC I genes has made it difficult to directly isolate loci and/or haplotypes (Moon et al. 2005) . Typically, MHC genes are isolated through cDNA cloning and sequencing, which is labor intensive, costly, and does not always yield primers that can be used with genomic DNA (Lundqvis et al. 2001 , Moon et al. 2005 , Skinner et al. 2009 ). Recently, highthroughput methods have also been applied to MHC studies (Babik et al. 2009 , Ekblom et al. 2010 , but again, these methods are expensive and time-consuming (see review of techniques in Babik 2010) . The objective of this study was to isolate MHC I variants in the critically endangered Laysan duck (Anas laysanensis) through an iterative process of designing primers that specially target individual MHC I haplotypes. The process bypasses cloning and permits the use of genomic DNA as a template that is more stable than RNA, which is typically used in the cDNA cloning process. Once haplotype-specific primers are developed, our method allows the detection of MHC I variants in a presence/absence framework that is low-cost and time-efficient.
Study System
The Hawaiian Islands are a biodiversity hotspot, but anthropogenic actions have endangered numerous species (Olson and Ames 1982) . Of the 113 endemic bird species once found across the Hawaiian Islands, 71 are extinct and 31 are currently federally listed (http:// www.abcbirds.org/newsandreports/releases/ 080918.html). Laysan duck populations were decimated through the introduction of nonnative fauna, and by 1912, there were approximately 12 individuals left in the wild (Dill and Bryan 1912) . The entire population was confined to Laysan Island where they specialized on hyper-saline wetlands. However, whether this was a facultative or obligate adaptation is debatable as they historically occurred across the Hawaiian archipelago (Olson and James 1991 , Cooper et al. 1996 , Burney et al. 2001 . To date, several translocations have been attempted with both failures (e.g. Pearl and Hermes Reef; Berger 1981) and successes (e.g. Midway Atoll; Reynolds and Klavitter 2006) . As a result of conservation initiatives, ~1000 Laysan ducks now inhabit Laysan and Midway Atoll ("Midway") Klavitter 2006, Reynolds et al. 2008; Reynolds et al. 2013 ). However, with fluctuating population sizes, the Laysan duck is vulnerable to stochastic environmental events and novel pathogen introductions (e.g. 2008 botulism outbreak on Midway; Work et al. 2010) . To decrease the probability of extinction by stochastic events, primary conservation initiatives are to establish Laysan duck populations on neighboring islands (Butchart and Hughes 2003, USFWS 2004) . Determining MHC diversity in extant Laysan duck populations will benefit future reintroductions by providing a tool for maximizing genetic diversity, and hence adaptability, of founder populations prior to release.
MATERIALS AND METHODS
Sample
The University of California, Davis Museum of Wildlife and Fish Biology (MWFB) provided tissue samples from 21 specimens (Laysan = 10, Midway = 11) archived at the MWFB. The Midway population was established in 2004-2005 with a total of 43 individuals from Laysan Island and has since grown to ~100 individuals (Reynolds et al. 2008) . Specimens were provided to the MWFB from the US Geological Survey, National Wildlife Health Center -Honolulu Field Station and US Fish and Wildlife Service. Tissue samples (breast and leg muscle) were sampled at the lab of the MWFB, where they are archived along with round skins of adult birds as voucher specimens. Genomic DNA was isolated from each tissue sample using a Qiagen DNA extraction kit (Qiagen) according to the manufacturer's protocol.
MHC Markers
Believed to be one of the most polymorphic regions in the vertebrate genome (Lundqvis et al. 2001) , we targeted exon 2 of MHC I that codes for the peptide binding region (PBR) (Promerová et al., 2009) . First, the exon 2 region was amplified using published primers D26E2R1/D26E2F1 (1263 bp; Moon et al. 2005) and degenerate primers E2R/E2F (~355 bp) and E2R2/E2F2 (~238 bp) that were designed across conserved regions of published MHC I mallard (Anas platyrhynchos) sequences obtained from GenBank (Table 1) . PCR amplification was performed using 1.5 µL template DNA (= 10 ng/µl), 2x GoTaq Green Master Mix (Promega), and 1 nM of each primer, in a total volume of 15 µL. PCR was conducted using an Eppendorf Mastercycler (epgradient) thermocycler under the following conditions: DNA denaturation at 94°C for 7 minutes, followed by 45 cycles of DNA denaturation at 94°C for 20 s, primer annealing at primer-specific temperatures (Table 2) for 20 s, and DNA extension at 72°C for 1 minute, and a final DNA extension at 72°C for 7 minutes. Amplification was verified using gel electrophoresis with a 1.5% agarose gel and the presence of a band corresponding to product lengths (Table 2) . PCR products were cleaned with AMPure XP beads, following Agencourt protocol (Beckman Coulter Co.). Sequencing was done using the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems) following manufacturer protocols. Automated Sanger sequencing was conducted at the DNA Analysis Facility at Yale University on an ABI 3730. Sequences were aligned and edited using Sequencher v. 4.8 (Gene Codes, Inc).
Multiple haplotypes were obtained using primer sets E2R/E2F and E2R2/E2F2. Using these sequences and following the concept of allele-specific priming (Bottema and Sommer 1993) , we designed new reverse primers targeting polymorphic sites which resulted in amplification of variants with those nucleotide(s) ( Table 2) ; these included the combination of E2R2 with MHC1aF, MHC1bF, and MHC1cF, designated as primer sets 1a, 1b, and 1c, respectively. Primer sets 1a and 1b targeted a maximum of two variants and primer set 1c targeted a single MHC I variant within individuals (Table 2) targeting each haplotype individually were designed (see Results; Table 2 ). Primer specificity was maximized by increasing the number of nucleotide mismatches between haplotypes providing a presence/absence framework for examining genetic variation (Table 3) -an amplicon was obtained only when the primer matched a haplotype variant present within the individual's genome. Developing such primer pairs is an effective method for delineating alleles/haplotypes in loci that have undergone duplication events (Lavretsky et al. 2012) . Moreover, the primers were designed to target amplicons varying in lengths to permit the pooling of PCR products of a single individual prior to gel electrophoresis.
PCR conditions were similar to those described above, but in some cases, annealing temperatures varied (Table 2 ) and a total volume of 10 µL that included 1µL of template DNA (= 10 ng/µl), 2x GoTaq Green Master Mix (Promega), and 1 nM of each primer was used. Although, non-targeted amplicons were present for certain primer pairs, these products were easily distinguishable on an agarose gel from the desired ones ( Figure S1 ). Primer specificity was increased by using a touch down method (TD-PCR) (Korbie and Mattick, 2008 ) that eliminated the secondary products (Table 2; Table S1 ). TD-PCR uses an initial annealing temperature above the primer-specific temperature (we used +5 o C) and progressively transitions to lower temperatures in successive cycles and was the optimum condition for amplification of haplotypes 1,3,4,6, and 7 (Table S1 ). The PCR conditions were DNA denaturation at 94°C for 7 minutes, followed by 5 successive cycles of denaturation at 94°C for 15 s, primer annealing at 71-66°C (for haplotypes 1 and 6) or 65-60°C (for haplotypes 3, 4, and 7) for 15 s decreasing by 1°C in each successive cycle, and DNA extension at 72°C for 45 s. This was then followed by 30 cycles of denaturation at 94°C for 15 s, primer annealing at 66°C (for haplotypes 1 and 6) or 60°C (for haplotypes 3, 4, and 7) for 15 s, and DNA extension at 72°C for 45 s, after which a final DNA extension at 72°C for 7 minutes occurred. Subsequent product verification was based on presence/absence of products on a 1.5% agarose gel. PCR products from a subset of individuals were cleaned and sequenced using the above protocols to verify that primers were targeting desired haplotypes.
Phylogenetic Reconstruction
A phylogenetic MHC I exon 2 gene tree with unconstrained branch lengths was constructed using mallard and Laysan duck sequences (Table  2) in MrBayes Ronquist 2001, Ronquist and Huelsenbeck 2003) and viewed in FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/ figtree). The data were separated by codon position and evaluated using a General Time Reversible (GTR) model and gamma-distributed rates across sites. Two separate analysis were run for 2 million generations, with sampling every 200 iterations until the standard deviation between sampling events was < 0.01. The first 25% of the samples were discarded as burn in.
RESULTS
The primers D26E2R1/D26E2F1 from Moon et al. (2005) yielded a single haplotype (HAP_7; A total of 197 bp, 238 bp, and 197 bp of the peptide binding region were amplified with primer sets 1a, 1b, and 1c, respectively. Primer sets 1a and 1b yielded a mix of heterozygous and homozygous individuals. Specifically, for primer set 1a, a total of 13 individuals were homozygous for HAP_2 (or 3) (HAP_2/3 = primers do not amplify the region containing polymorphisms distinguishing the two haplotypes) whereas 8 individuals were heterozygous for HAP_5 and HAP_6. For primer set 1b, 1 individual was homozygous for HAP_1, 5 individuals were homozygous for HAP_2/3, 8 individuals were heterozygous for HAP_1 and HAP_2, and 7 individuals were heterozygous for HAP_3 and HAP_4. No individuals were heterozygous for any combination of HAP_1 and HAP_3. The combination of products from 1a and 1b yielded the same polymorphic positions as observed for individuals that contained polymorphic sites for primer set E2R/E2F or E2R2/E2F2 (see above). Primer set 1c was haplotype specific, with 20 individuals sequences yielding HAP_2/3 and 1 individual having a novel haplotype, HAP_8 (Table 2) . Finally, the haplotype obtained with D26E2R1/D26E2F1 (HAP_7) was not amplified using primer sets 1a, 1b, or 1c. Phylogenetic results demonstrate that many of the haplotypes are alleles of different loci (See below; Figure 2 ). Presence/absence analysis Using newly developed primers that targeted each haplotype individually (Table 2) , we documented genetic variation for the presence/ absence of all but one haplotype. HAP_8 was present in all individuals (Table 3 ; Fig. S1 ) despite initially being found only in one individual. HAP_2 was present in 19 individuals, whereas HAP_3 and HAP_4 were in 20 individuals. Finally, HAP_1, HAP_5 and HAP_6 were present in 8 individuals, and appear to be in high linkage disequilibrium.
All haplotypes were protein coding with no stop codons except HAP_7 that had a single stop codon, suggesting that it is a pseudogene ( Figure 1A-B) , which are known to occur in passerine MHC class I and II genes (Westerdahl et al. 1999 , Edwards et al. 2000 , Reusch et al. 2004 . Laysan MHC haplotypes were phylogenetically intermixed with mallard MHC I haplotypes, although the pairs HAP_2/HAP_3 and HAP_1/HAP_4 were sister lineages, respectively (Figure 2) . Nevertheless, the MHC gene tree reveals that isolated Laysan duck haplotypes likely span across all major loci previously determined to comprise MHC I in ducks (Xia et al. 2004 , Mesa et al. 2004 , Moon et al. 2005 . Specifically, sister relationships between A. platyrhynchos 18 and Laysan HAP_8, A. platyrhynchos 11 and Laysan HAP_5, A. platyrhynchos 13 and Laysan HAP_6 suggest that these haplotypes comprise alleles of the UAA, UBA, and UCA loci, respectively.
DISCUSSION
MHC Haplotype Identification
Phylogenetic analyses delineated that at least three different loci were amplified using our degenerate and haplotype-specific primers ( Figure 2 ) and that much of the sequence variation is likely across loci rather than within loci. However, sister relationships between HAP_1 and HAP_4, as well as HAP_2 and HAP_3 suggest that these might be alleles of the same locus (Figure 2) . Consequently, 20 individuals might have been heterozygous for HAP_2 and HAP_3, whereas one individual was homozygous for HAP_3. Likewise, assuming HAP_1 and HAP_4 are the same locus would suggest that one individual was homozygous for HAP_1, 13 individuals were homozygous for HAP_4, and seven were heterozygous for HAP_1 and HAP_4 (Table 3 ; Figure S1 ). However, assigning haplotypes to MHC loci is exceedingly difficult, because highly divergent alleles can be found at a single locus whereas more similar alleles can correspond to different loci (Moon et al. 2005) . Therefore, sequence variation at any single locus cannot be conclusively demonstrated without further analyses. Similarly, the absence of haplotypes in individuals -as the case for HAP_5 and HAP_6 that are likely alleles of different loci (Figure 2 ) -suggests that additional alleles of those loci are present but are not being amplified with our methods. Although, future work can capture these "missing" haplotypes through additional primer pair iterations or cloning, the presence/absence of these haplotypes still represents MHC I variability. As a result, while the methods are not specific enough to identify alleles of loci, the designed presence/absence framework still readily provides measures of MHC I diversity.
Conservation Implications
Whether using captive bred or wild individuals, it is important to quantify and maintain existing genomic variation of the potential founder population (Frankham 2008 , Richard 2008 . Using homogenic or inbred individuals can increase the chances of disease susceptibility and the fixation of maladaptive traits (Soulé and Wilcox 1980) . Without the need to sequence once primer sets are established, methods described here can be applied with low cost. Specifically, designed primers allow for genomic amplification without the need for RNA extraction that are sensitive to rapid degradation (Bustin 2002) . Although, described methods do not provide the same amount of information that can be obtained from cDNA conversion and cloning (Lundqvis et al. 2001 , Moon et al. 2005 , Skinner et al. 2009 ), they are time and cost effective in readily obtaining genotyping assays, which was the primary objective of this study. We acknowledge that these methods would not be entirely suitable for taxa with high genetic diversity as the number of primer pairs would significantly increase, and thus these methods are likely to be more effective for species of conservation concern that have experienced an extensive loss of genetic diversity.
Presently, this is the first study to isolate and report on MHC I diversity in the Laysan duck. Although we cannot conclusively provide the total number of loci being amplified, we show that MHC I variation was retained within Laysan duck individuals. A total of four genotypes were described, with 2 shared between Laysan and Midway Islands, as well as one specific to each island (Table 3; Figure S1 ). Consequently, the reintroduction of 43 individuals onto Midway Atoll from Laysan Island appears to have captured MHC I exon 2 variation; however, additional individuals need to be assayed to determine whether the Midway population contains all extant variants from Laysan. Nevertheless, these results have important implications to conservation initiatives for this species, especially with respect to future reintroduction efforts (Reynolds et al. 2013) . Protocols described here for assaying MHC I variation can be used by breeding programmes to establish admixture schemes that in theory can increase the viability of future reintroductions. For example, based on the presence/ absence of haplotypes 1, 5, and 6 (Table 3 ; Figure S1 ), overall heterozygosity would increase in the offspring of individuals WFB8622 and WFB8643. Including their progeny in founder populations will increase the probability that both variants will be maintained in future generations. Although, any further loss of MHC variability can be detrimental to the species overall adaptability and future survival (Hughes 1991) , we caution against basing reintroductions on a single gene due to possible negative effects of outbreeding depression or loss of diversity at other loci (Amos and Balmford 2001, Neff 2004) . As a result, future work should include examining additional molecular markers (e.g. introns, microsatellites) and increasing sample sizes to provide a more conclusive measure of overall genetic variability between Laysan duck individuals. Finally, we suggest populations be evaluated for genetic variability for several generations after the initial reintroduction and augmented with additional individuals to maintain or increase variability as described in the recovery plan for the Laysan duck (USFWS 2004) . The protocol that we described can be used as a tool for these efforts.
